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Abstract
In this work we present silver nanowire hybrid electrodes, prepared through the
addition of small quantities of pristine graphene by mechanical transfer deposition from
surface-assembled Langmuir films. This technique is a fast, efficient, and facile method
for modifying the opto-electronic performance of AgNW films. We demonstrate that
it is possible to use this technique to perform two-step device production by selective
patterning of the stamp used, leading to controlled variation in the local sheet resistance
across a device. This is particularly attractive for producing extremely low-cost sensors
on arbitrarily large scales. Our aim is to address some of the concerns surrounding
the use of AgNW films as replacements for indium tin oxide (ITO); namely the use
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of scarce materials and poor stability of AgNWs against flexural and environmental
degradation.
Keywords: hybrid film, Langmuir, transfer deposition, silver nanowire, graphene
Introduction
Silver nanowire (AgNW) films are well-established competitors to indium tin oxide (ITO)
in traditional transparent conductive film applications.1–7 The opto-electronic properties of
AgNW films (often described in terms of sheet resistance and transmittance at 550 nm) easily
match, and often exceed, those of ITO.3,4,8,9 There are secondary benefits as well, including
low-temperature solution processing methods,10–12 low-energy patterning techniques,2,5,13
and compatibility with existing device architectures.14,15 This combination of properties
make AgNWs an attractive material for the electronics industry.
However, some secondary issues remain unresolved. Silver, much like indium, is a rare
metal and therefore suffers from scarcity concerns which drive coating prices. While the
mass of silver per unit area is very low for nanowire films, the manufacture of the nanowires
increases the coating cost above the raw material price. We have previously demonstrated
that by addition of small quantities of graphene to low density AgNW films it is possible to
achieve comparable electro-optical performance at a fraction of the cost.16
There are also some issues with stability of the nanowires under various conditions,
including repetitive flexing of the substrate4,17 and atmospheric exposure.18 Both conditions
lead to drift of the sheet resistance in pristine nanowire films which can be detrimental to
device performance. We show that the process of adding graphene to AgNW electrodes
positively influences both of these phenomena.
In this paper we demonstrate the formation of patterned silver nanowire-graphene hybrid
films (referred to as AgNW:G films) by the mechanical transfer deposition technique.19–21
We make use of commercially available materials, and characterise the influence of the ma-
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terial deposition by investigating the T-R response of the hybrid films as well as studying
the resistance reduction achieved. These parameters are important for developing a ‘one-
step’ manufacturing process, since many devices require patterned electrode structures to be
produced where the ratio of ‘gap’ to ‘track’ sheet resistances is high (103 or greater). This
process is particularly attractive for producing extremely low-cost sensors on arbitrarily large
scales, such as for passive RFID devices on transparent packaging.
Results and Discussion
Poly(dimethyl siloxane) (PDMS) stamps are prepared from laser-machined Kapton masters.
Figure 1a shows an optical micrograph of a stamp being released from the master, with
insets showing the morphology of the master and stamp features. The design resembles a
resolution test grating with rectilinear features varying between 200 and 25 µm in size. The
features are 10 µm tall in all cases.
Building on our previous work on the preparation of density-controlled graphene films,22
Langmuir films of graphene were prepared from a commercially available graphene powder
material by dispersion into acetone as a spreading solvent. The dispersion was measured
by UV-Visible spectrophotometry to have a concentration of approximately 0.02 mg ml−1.
The dispersion was added dropwise to the Langmuir trough to form a film. By compressing
the film a graphene mass coverage of ∼ 2 mg m−2 was obtained. Figure 2a shows an optical
micrograph of a film transferred directly to a glass substrate. A film was also deposited onto
silicon for AFM analysis of the particle size distribution; an AFM height image is shown in
Figure 2b. The histogram of particle thickness measurements in Figure 2c (from the image
of Figure 2b) shows that the material produced is predominantly few-layer graphene, with
a mean particle thickness of approximately 2.8 nm. However as the insets of Figure 2c show
the sample also contains small numbers of thicker flakes, in the region of 10 to 100 nm tall.
The graphene deposition procedure is schematically illustrated in Figure 1b-g. A Lang-
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Figure 1: a: Optical micrograph of a PDMS stamp being released from a Kapton master.
(inset) SEM micrograph of the initial master surface (bottom) and bright field optical micro-
scope image of the produced stamp (top). b-g: Cartoon illustrating the film formation and
deposition process. The graphene dispersion is spread on a water subphase to form a Lang-
muir film (b) which is then compressed to the desired density (c). The film is transferred
to a PDMS stamp using the Schaefer deposition method (d-e), and subsequently deposited
onto a substrate (f -g).
muir film of material is prepared at the water surface by deposition of a graphene-acetone
dispersion. This film is compressed to the desired density and transferred to the PDMS
stamp. Finally the stamp is brought into contact with the target substrate, and a max-
imised pressure of 85 kPa is applied over the contact area (see Supplementary Information
for contact pressure optimisation). The stamp is removed to leave the graphene material
deposited on the sample surface.
Figure 2d-g show films transferred using a patterned stamp (similar to that shown in
Figure 1a) onto a set of different substrates; glass, poly(methyl methacrylate) (PMMA,
Acrylic), silicon, and indium arsenide (InAs), respectively. Clearly the transfer efficiencies
onto glass and PMMA are extremely poor, however the stamp pattern is very well reproduced
on the silicon and InAs surfaces. This is likely due to the much larger surface free energy
of the crystalline substrates,23–26 leading to a significant decrease in the Gibbs energy of the
system when a graphene flake is transferred from the stamp to the substrate. It is possible
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Figure 2: a: Optical micrograph of a L-S film of graphene deposited onto glass (the scale
bar is 100 µm). (inset) Surface pressure-area isotherm for the film shown in a; the deposition
pressure was approximately 18 mN m−1. b: AFM height image of graphene flakes deposited
on silicon (the scale bar is 1 µm). (inset) Line segment of the highlighted row in a, illustrating
the characteristic height of the graphene flakes of ∼ 3 nm. c: Flake thickness histogram
(N = 75) of the AFM data in b showing that the material visible is on average 2.8 nm thick.
(inset) AFM height data and line segment across the tall object in b (white object top-
center), showing that the sample also contains particles with a thickness of the order of 10
to 100 nm. d-g: Optical micrographs of several substrates after patterned stamp deposition;
glass (d), PMMA (e), silicon (f) and indium arsenide (g).
that there is also a contribution from surface roughness/contact intimacy effects.
A stamp design with different feature sizes was used to see whether there were any
“resolution” limits to the deposition process; the stamp design is similar to a calibration
grid with decreasing sizes of linear and square features. As shown in Figure 2f all of the
features are well reproduced (where the smallest feature size is a 25 µm× 25 µm square).
There are potential applications for selective, spatially resolved nanomaterial deposition
beyond those discussed in this paper. For example, controlled texture of surfaces is useful
for crystal nucleation.27 Also, graphene has been demonstrated as a material for generating
terahertz radiation; the ability to selectively deposit material to produce microscale devices
5
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may lead to integrated terahertz light sources.28,29
Based on our prior work it is understood that significant modification of the electro-
optical properties of AgNW films can be obtained by addition of small quantities of graphene.16
These hybrid films display sheet resistances up to five orders of magnitude lower than the
pristine AgNW films with a small reduction in transmittance. In order to understand how
such nanowire-graphene hybrid films might perform in devices, there are other stability con-
siderations which we have investigated (see Figure 3).
A set of pristine AgNW films were prepared at approximately equal density (∼ 105 Ω−1).
Of these half were coated with graphene by the L-S method to achieve a final sheet resistance
of ∼ 100 Ω−1. This approach was used to eliminate possible variability in the transfer ef-
ficiency using the mechanical deposition process. In this way we are able to compare the
AgNW:G hybrids on equal terms with the pristine AgNW films.
The first such issue is the stability of AgNW films under atmospheric exposure. While in
many cases this could be largely alleviated through lamination of multiple glass components
in a traditional display stack (or addition of a coating layer30), flexible devices on polymer
substrates are still susceptible to gas ingress via diffusion through the substrate. Figure S2 in
the Supplementary Information compares both AgNW and AgNW:G hybrid films, prepared
by L-S deposition, under atmospheric conditions in the laboratory for one month. As can
be seen, the relative resistance change after one month of atmospheric exposure is three
times lower for the graphene hybrid film. We anticipate that this is due to the graphene
layer acting as a gas diffusion barrier for atmospheric components that cause tarnishing of
silver (namely oxygen, and sulfur-containing compounds). Since the graphene layer is not
continuous over the whole surface in this case, we still observe a small increase in sheet
resistance (∼ 3 %) over 30 days.
A second stability issue faced by AgNW electrodes in some applications is with regards to
repeated bending of the carrier substrate. It is understood that local, mechanically-induced
welding of the nanowire-nanowire junctions occurs if the films are repeatedly strained,4,31
6
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Figure 3: Variation of sheet resistance with repeated flexural cycling at increasing (de-
creasing) substrate stress (radius of curvature) for a pristine AgNW electrodes; b AgNW:G
hybrid electrodes. (a inset) Representative SEM images of pristine nanowire-nanowire junc-
tions before and after mechanical cycling. c Relative sheet resistance change of AgNW and
AgNW:G electrodes under atmospheric exposure in the laboratory (∼ 23 ◦C and 65 % RH)
for one month.
and junction welding has been previously demonstrated to have a significant effect on the
nanowire-nanowire junction resistances.32 Over longer time scales gradual fatigue of the
nanowires is also expected.17,33 It has been demonstrated that immobilising the AgNWs (by
encapsulation,33 or improving substrate adhesion34) can mitigate this effect. Figure S3a
shows the response of a pristine AgNW film to repeated flexing at three different applied
stresses (corresponding to different radii or curvature). As the films are flexed at progres-
7
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sively smaller radii of curvature we see greater decreases in sheet resistance over a fixed
number of cycles. This may be considered “mechanical annealing” of the network, which
may be a useful feature of nanowire electrodes in some applications. Figure S3b shows
comparable measurements to those in Figure S3a, performed using AgNW:G hybrid films
(again prepared by L-S deposition). We observe a reduction in the drift of the sheet resis-
tance by approximately one order of magnitude after the addition of graphene. In capacitive
sensing applications, where measurements of the device capacitance relative to its baseline
self-capacitance are used to determine interaction events, drift in the film properties may
compromise device performance without periodic self-calibration.
We anticipate that the above properties translate directly to films prepared by the present
mechanical transfer deposition approach. In order to compare the relative changes in electro-
optical performance of L-S and mechanical transfer-prepared AgNW:G hybrid films we fit
transmittance-sheet resistance (T-R) data for L-S AgNW:G films16 using the T-R model
presented previously35 (equation (1) below). The data are shown in Figure 4a.
T = 10
−Qextd〈l〉〈l2〉
[(
M′
RS
) 1
m
+ηs,c
]
(1)
where T is the film transmittance at 550 nm; Qext is the extinction efficiency of the nanowires
calculated from Mie theory14 (0.56 for the nanowires used by Jurewicz et al.16 and 0.20 for
those used in the present work); d is the nominal nanowire diameter (45 nm and 25 nm,
respectively); RS is the film sheet resistance; ηs,c = 5.6372... is the percolation threshold
filling factor for randomly oriented rods in 2D.36 The fitting parameters are the statistic
of the length distribution of nanowires, 〈l2〉/〈l〉; the percolation conductivity exponent m
(variously symbolised n or µ in the percolation literature); a ‘material constant’ M ′, which
is correlated with the junction resistance between nanowires. For each data set a delete-one
jackknife procedure was used to obtain fit parameter uncertainties.35
The table of fit parameters inset in Figure 4a shows that both M ′ and m increase with
8
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the addition of graphene; in keeping with the mechanism proposed by Jurewicz et al.16
The conductive particles introduce additional inter-nanowire connections to the network, as
well as compressing existing nanowire-nanowire junctions. This causes the average junction
resistance to increase (since nanowire-graphene-nanowire current paths are likely to behave
comparably to graphene-graphene junctions, which have a high tunnelling barrier, and there-
fore high contact resistance) which is responsible for the increase in M ′. The broadening
of the distribution of contact resistances in the system as a result of these two effects is
understood to give rise to increases in the percolation exponent for conductivity, m, from
the percolation theory literature.37
An L-S film preparation procedure was used with a large-area flat PDMS stamp to
produce a T-R data set comparable to that in Figure 2a; this can be seen in Figure 4b. By
using the same fitting procedure as Figure 4a we can see that the parameters M ′ and m both
decrease markedly. These changes suggest a significant fall in the average junction resistance,
contrary to what is observed in the data for L-S deposited AgNW-graphene hybrids. This
is likely due to the combined effects of increasing numbers of junctions, as well as the effect
of mechanical compression of all nanowire-nanowire junctions by the stamp itself. We can
also see that the transmittance of the samples after graphene addition increases in most
cases. This is responsible for the increase in the fitted value of 〈l2〉/〈l〉, which is dictated
by the transmittance of the system at the percolation threshold;35 the upper bound on the
transmittance of a conducting nanowire film. The transmittance increase may be explained
by the removal of nanowires on the surface which are not sufficiently well adhered to the
substrate or the rest of the network.
In order to separate the effects of graphene addition from junction compression, compara-
ble samples were prepared and processed using a blank stamp (with no graphene addition).
For a representative sample with high initial sheet resistance (RS = 1.6 MΩ−1) we ob-
serve a minimal reduction in RS of around 18 % with a negligible change in transmittance.
For the stamped AgNW:G hybrid at comparable starting sheet resistance (from Figure 4d),
9
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the corresponding reduction in RS is approximately 99.75 %.The same test performed on a
low RS sample (initially ∼ 100 Ω−1) yields a reduction of 1 % for the blank stamp, and a
reduction of 36 % for the graphene hybrid. We clearly see that the additional conduction
pathways introduced by the addition of graphene, even at relatively low densities, are the
dominant contribution to the reduction in RS for films with high sheet resistance. For films
of lower sheet resistance, we believe that the relative contribution of mechanical compression
is higher as the junction density and film thickness increase.
Figure 4c shows a graphene film transferred onto a AgNW film using the same patterning
procedure as the data in Figure 2. The representative inset SEM micrograph shows a single
graphene flake contacting several AgNWs. Since the average flake size is comparable to
the separation of neighbouring AgNWs, the majority of graphene platelets bridge multiple
nanowires. This demonstrates that we are able to control the spatial distribution of graphene
platelets on a nanowire film to achieve localised modification of the electrical properties. We
note that the graphene transfers to the nanowire films despite not transferring to substrates
upon which we deposit the nanowire films (glass and PMMA, see Figure 2c and d). This
is likely due to either local stress concentration in the stamp at the rough nanowire film
surface, the significantly larger surface energy of the silver23 (which will be more comparable
to the crystalline substrates in Figure 2d-e), or both.
The data presented in Figure 4b is based on the deposition of an optimised coverage
of graphene. Following the understanding from previous work,16 it was anticipated that
graphene platelets laying across nanowire-nanowire junctions was primarily responsible for
the reduction of sheet resistance (by both electrical connectivity and a capillary force-induced
compression effect). As a result, the minimum amount of graphene required to achieve
an optimum film sheet resistance would be dictated by the density of nanowire-nanowire
junctions and the size of the graphene platelets. Equally, in order to minimise the impact
of the graphene addition on the optical properties of the hybrids, we wish to utilise as little
material as possible to achieve the maximum improvement in performance.
10
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Utilising the percolation simulation framework described in2,14 and detailed in,38 we can
determine the junction density of a film of nanowires at arbitrary sheet resistance. At the
percolation threshold (where the largest reductions in RS are seen in the work of
16) we find
that the junction density for the nanowire material in the present study is approximately
0.1 µm−2. Utilising the average flake dimensions from the AFM data of Figure 2b (t = 2.8 nm,
L ∼ 100 nm) and the density of graphite we arrive at a mass coverage of approximately
7 µg m−2. Performing a similar calculation using the percolation threshold coverage for disks
and randomly oriented squares in the 2D plane,36 we can estimate the threshold for material
of this thickness to be in the region of 7 mg m−2. For comparison, the mass coverage of
continuous monolayer graphene is approximatley 0.7 mg m−2.
Based on the above mass coverage and percolation threshold for the graphene material
in the present work, it is clear that percolation of the graphene particles will have a minimal
effect on the hybrid film conductivity. Also, an estimate of the transmittance of a graphene
film of this density is T ≈ 98 − 99 %. As such there should be a negligible reduction in
the AgNW film transmittance due to the graphene deposition. By optimising the material
coverage in this way we can maintain compatibility with industrial requirements on T and
RS, minimise material costs for producing films, and maximise the hybrid film performance.
The production of devices requires control of the ratio of sheet resistances in the “gap”
regions which separate conducting “track” areas. Typically an isolation factor (RS(gap)/
RS(track)) of 10
5 is specified for commercially produced devices, but values as low as 103 have
been suggested to be acceptable. In order to understand whether stamped graphene-AgNW
hybrids are capable of obtaining sufficient isolation at useful sheet resistances we plot the
resistance contrast RSi/RSf as a function of RSi (where RSi and RSf are the initial and final
sheet resistances before and after graphene deposition). This shows the obtainable isolation
between tracks and gaps in a patterned design, as well as the initial sheet resistance of the
nanowire film required to obtain that. The ratio of these two parameters also dictates the
final track sheet resistance, which may influence the device design. The resistance contrast
11
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Figure 4: a: Transmittance-sheet resistance (T-R) data series for hybrid films prepared by
direct L-S deposition (data from16). The series are fitted using equation (1).35 b: T-R
data series, equivalent to a, for hybrid films prepared by mechanical transfer deposition of
graphene using a flat area stamp. c: Optical micrograph demonstrating the mechanical
transfer deposition of graphene onto a silver nanowire film (scale bar 100 µm). (inset) SEM
image of a graphene flake overlaying several silver nanowires (1 µm scale bar). d: Resistance
contrast (defined as the ratio of initial to final sheet resistance) of the data sets in a and c
plotted against initial film sheet resistance. The data are fitted using the inset power law
expression.
for both L-S deposited and stamped graphene-AgNW hybrids is shown in Figure 4d.
The resistance contrast data sets are fitted with a power law expression of the form;
RSi
RSf
= ARbSi (2)
We expect a power law dependence since the data corresponds to the ratio of two
percolation-type data sets. By substituting the appropriate percolation scalings for RSf
and RSi into equation (2) (of the form RS = M
′(η − ηc)−m), and allowing the percolation
12
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thresholds to be independent in the two scaling relations, we can deduce that;
ηc(hybrid) ∼ 1
mf
[(
M ′1−bi
AM ′F
− 1
)
+ ηc
]
(3)
By substituting the fitted parameters from Figure 4a, we find that the percolation thresh-
old density (of nanowires) decreases by around 5 % for the L-S deposition process in.16 For
the present stamping deposition process, there is an increase in the percolation threshold
density of approximately 30 %. This result makes intuitive sense as it suggests that the
stamping process removes nanowires from the surface, but that the L-S process increases the
network connectivity at very low nanowire densities. However, the result is slightly at-odds
with the changes to the limiting transmittance for the hybrid films at high sheet resistance.
This corresponds to the film transmittance at the percolation threshold, and so we would
expect the film transmittance to decrease for the stamped hybrids based on the calculation
above. The deviation possibly arises from the use of the parameters M ′ and m from T-R
curve fits (which will be influenced by transmittance changes) along with values from resis-
tance contrast fits (which are based on purely electrical data, and therefore cannot account
for variations in transmittance).
By implementing the device design requirement that the resistance contrast be 103 we
find for the stamped hybrids that an initial sheet resistance of ∼ 107 Ω−1 is required, using
the plot in Figure 4d. This dictates that the final sheet resistances of the stamped AgNW:G
hybrids are approximately 104 Ω−1. In the case of the L-S hybrids, however, we find that a
resistance contrast of 103 gives initial and final sheet resistances of 105 Ω−1 and 102 Ω−1
respectively. Due to differences in graphene coverage and transfer efficiency, we anticipate
that the L-S hybrid result likely represents an upper bound on what can be obtained with
the mechanical transfer deposition method presented. This analysis also only considers the
changes to the electrical properties of the hybrids, and there will be further considerations
for the transmittance of the films and the transmittance contrast (which relates to feature
13
Page 13 of 23
ACS Paragon Plus Environment
Langmuir
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
visibility to the human eye) that will impact the choice of graphene coverage when preparing
hybrid films.
The study presented gives a promising proof-of-concept for device patterning based on
stamped AgNW:G hybrid films. The use of large-area spray deposition to produce uniform
AgNW films, and roll-to-roll coating to deposit high resistance contrast device patterns,
promises a scalable, efficient, and cheap way to produce transparent opto-electronic device
electrodes.
Conclusions
We have demonstrated a method for production of AgNW:G hybrid films based on mechan-
ical transfer deposition of graphene onto spray-deposited AgNW films. These hybrid films
show orders-of-magnitude decrease of sheet resistance relative to the pristine nanowire films.
As well as having superior electro-optical properties, AgNW:G hybrids prepared by direct
L-S deposition have been shown to have additional benefits such as stabilisation against at-
mospheric degradation and mechanical annealing. We believe that these properties will also
be characteristic of stamped AgNW:G films, albeit dependent on the transferred graphene
coverage.
Mechanical transfer deposition facilitates one-step electrode deposition, achieving levels of
track-to-gap sheet resistance contrast required for device production with spatially-resolved
features. Such local modification of the film properties cannot be achieved directly using L-S
deposition. By optimising the deposited graphene film density, we have demonstrated resis-
tance contrast values of approximately 103 with negligible change to the film transmittance.
Together these characteristics of stamped AgNW:G hybrids make them an attractive
option for low-cost, scalable transparent device electrodes.
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Materials and Methods
Materials
Graphene powders (Elicarb R©Premium Grade Graphene Powder SP8073P) were supplied by
Thomas Swan Ltd. These materials were originally prepared by high-shear exfoliation.39
Exfoliated dispersions were processed further by the supplier; a proprietary filtration and
washing approach was used to remove residual surfactant and form a powder.
The as-received powder was re-dispersed into acetone by bath ultrasonication for 1 hour
(Fisher FB15051 sonic bath, nominal 300 W power output). The resulting dispersion was
centrifuged at 1000 g for 1 hour to remove any irreversibly aggregated particulates. The
final dispersion was measured to have a concentration of approximately 5 µg ml−1 by UV-
Vis spectroscopy (Shimadzu UV2501-PC dual beam spectrophotometer) and was used to
perform Langmuir film formation without further processing.
Silver nanowires (AgNW-25) were purchased from Seashell Technologies. The as-received
dispersions (∼ 5 mg ml−1) were diluted using isopropanol to a concentration suitable for
spray coating, following our previous work.2,14,16,35 Spray deposition was performed using
a consumer airbrush with a commercial air compressor (Impax IM200-12L). A spraying
pressure of 5 bar and nozzle-sample separation of 10 cm was used.
AgNW films were sprayed at different densities onto standard microscope slides (Fisher
Scientific). Sheet resistance measurements were facilitated using a two-point geometry by
applying parallel bar electrodes of silver paint (Agar Scientific G3790) with along-bar resis-
tance of order 1 Ω. Each slide was divided into three samples (a total of four electrodes per
slide). Details of our film preparation process are detailed in prior publications.2,14,16,35
Methods
The stamp masters were made by laser ablating a polyimide film (Kapton) using the Scan
Masked Imaging (SMI) process.40 The SMI process uses a 355 nm solid state laser in a mask
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imaging system to accurately machine features to 1 µm tolerances and to a uniform depth.
A fluence of 1 J cm−2 was used to achieve an etch rate of approximately 0.5 µm/shot. The
depth of the ablated feature can then be accurately tuned by varying the number of shots
incident on each area. The laser machined masters were cleaned by washing with DI water
followed by rinsing with IPA.
The PDMS used was a commercially available, two-part polymer/cure system (QSil 216)
purchased from RS Components Ltd. The components were mixed thoroughly in a 10:1
polymer to curing agent ratio before being degassed under vacuum. The PDMS was cast
onto the cleaned masters and cured in an oven at 50 ◦C for 60 minutes, before being released
by hand.
Two types of stamp were prepared. Patterned stamps (using the laser-patterned Kapton
masters, as shown in Figure 1) were cut square with a side length of approximately 5 mm.
Blank stamps (used for the collection of data in Figure 4b) were cast from glass cover slips
(22 mm× 22 mm) and cut square with a side length of approximately 20 mm.
Langmuir films of pristine graphene were prepared (using the previously described acetone-
graphene dispersions) on the surface of a Nima Langmuir trough (model 602A) filled with
Type 1 (18 MΩ cm resistivity) ultrapure water. A total volume in the range of 0.1 to 2 ml
of solvent (depending on the desired final density) was spread over the initial trough area
of 400 cm2. Material was added drop-by-drop to the water surface, with the solvent being
allowed to fully evaporate between material additions. The trough area was compressed
at a rate of 20 cm2 min−1 to a final area of 130 cm2. The films were transferred using the
horizontal (Schaefer) deposition method, onto either PDMS stamps or AgNW films.
The coated stamps were pressed onto the target substrate with an 85 kPa contact pressure
and then removed carefully. After each deposition the stamp surface was cleaned by pressing
it onto, and releasing it from, clean Scotch tape several times. This was done to remove any
residual graphene, transferred nanowires, or other contaminants such as dust.
AFM measurements were performed using an NT-MDT Ntegra AFM system in semi-
16
Page 16 of 23
ACS Paragon Plus Environment
Langmuir
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
contact mode, using cantilevers with a resonant frequency between 200 and 300 kHz.
Measurements of film conductivity before and after graphene deposition were made using
a Keithley 2400 Sourcemeter, and UV-Vis spectroscopy (Shimadzu UV2501-PC dual beam
spectrophotometer) was used to determine the change in film transmittance.
Scanning electron microscopy was performed on a Jeol JSM 7100F system. The samples
were imaged without coating using an accelerating voltage of 3 kV.
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